Abstract. We present V -band CCD photometry of 65 RR Lyr variables from the globular cluster M5. We have estimated the basic physical parameters for 16 RRc stars and 26 RRab stars using a Fourier decomposition of the light curves of the variables. The mean values of mass, luminosity, effective temperature and relative helium abundance for the RRc stars are measured to be We find significant problems with the calibration of both the zero point and the scale of the luminosities measured with the Fourier technique. The apparent distance modulus derived from RRc stars is equal to 14.47 ± 0.11 and it is in good agreement with recent determinations. On the other hand distance modulus obtained from the sample of RRab stars (calibrated by the Baade-Wesselink observations of field RR Lyr variables) is significantly smaller and equal to 14.27 ± 0.04
Introduction
NGC 5904=M5=C1516+022 is one of the richest globular clusters in the northern hemisphere. It is placed only 7 kpc from the Sun, 5.5 kpc from the Galactic Center and 4.9 kpc above the plane of the Galactic disc (Zinn 1985) , and thus has low reddening, E(B − V ) = 0.03 (Harris Send offprint requests to: Arkadiusz Olech, e-mail: olech@sirius.astrouw.edu.pl 1996). The above properties make M5 an excellent target for detailed studies, especially in the field of variable stars.
Spectroscopic investigations of M5 yield metallicity determinations varying from [Fe/H] = −1.0 (Butler 1975) to [Fe/H] = −1.4 (Zinn 1985) . Carretta and Gratton (1997) obtained [Fe/H] = −1.11 ± 0.03 on their newly introduced scale of GC metallicities.
M5 is known to contain more than 140 RR Lyr variables (Clement 1997 , Sandquist et al. 1996 , Caputo et al. 1999 . CCD V I photometry for 49 of them was recently presented by Reid (1996) who gives references to earlier papers dealing with RR Lyr stars in M5. Recently, Kaluzny et al. (1999) reported the discovery of 5 faint variables in the cluster field: four SX Phe stars and one eclipsing binary. They also showed that several candidate eclipsing binaries identified by Reid (1996) and Yan and Reid (1996) are non-variable objects. Drissen and Shara (1998) used HST images to look for variable stars in the core of M5. They identified one variable blue straggler, probably an eclipsing binary, and several new RR Lyr stars. New BV photometry of the M5 RR Lyr variables was also reported by Caputo et al. (1999) . And recently Olech et al (1999b) using newly developed image subtraction method discovered four new variables in this cluster.
In this paper we present results based on time-series photometry of RR Lyr stars in M5 obtained in 1997 at Las Campanas Observatory. The detailed description of the observational runs and reduction process were published elsewhere (Kaluzny et al. 1999) . In short, the observing material consisted of 275 V -band frames collected during the period from May 9 through August 13 1997. Most of the data were taken during a single sub-run in May 1997. Two fields with a significant overlap at the cluster center were monitored.
Results
Our search for variable stars in M5 has identified 65 RR Lyrae variables. All these stars were previously known (Sawyer Hogg 1973 , Sandquist et al. 1996 , Clement 1997 . We have detected 49 fundamental mode pulsators (Bailey type RRab), 15 first overtone pulsators (Bailey type RRc), and one possible second mode pulsator (Bailey type RRe). In this paper we use names assigned by Sawyer Hogg (1973) with the exception of V963 (Zhukov 1971) .
We fitted our V -band light curves with Fourier series of the form:
where ω = 2π/P and P is the pulsation period of the star. Least squares fits were computed by orthogonal projections onto trigonometric polynomials using a method developed by Schwarzenberg-Czerny (1997) and Schwarzenberg-Czerny and Kaluzny (1998) . In this way we determined the values of ω, A j and φ j together with their errors, and we calculated amplitude combinations R j1 = R j /R 1 and phase differences defined as φ j1 = φ j − j · φ 1 . These quantities will be used in the following analysis.
Using the derived periods we constructed phased Vband light curves which are presented in Fig. 1 . The periods of the cluster RRc stars range from 0.2648 to 0.4325 days with a mean period of 0.3250 days. The periods of the RRab variables are between 0.4497 and 0.8453 days with a mean value of 0.554 days. These properties place M5 among the Oosterhoff type I clusters.
In Fig. 2 we compare our photometry with observations given by Reid (1996) . We plot A 0 -< V >(Reid) vs A 0 , where A 0 is the mean magnitude as measured by the Fourier decomposition of the light curves. Some stars in common to the two samples have not been plotted (V6, V54, and V91: our light curve or Reid's measured with particularly poor signal-to-noise; V24 and V52: Reid's data do not sample the maxima of the light curves). For the remaining 32 measurements in common the mean value of A 0 -< V >(Reid) = -0.011 ± 0.026.
In Fig. 3 we present the relations between the pulsational period and the peak to peak A V amplitude, R 21 , φ 21 , φ 31 and φ 41 . In these plots RRc stars occupy locations quite distinct from RRab stars, and in the following sections we discuss these two groups of stars separately. The relative lack of scatter in the relations presented in Fig. 3 attests to the overall quality of our light curves (cf. Clement et al. 1992, Simon and Clement 1993) .
RRc stars
The resulting Fourier parameters for RRc stars are presented in Table 1 . In the following sections we discuss individual RRc stars with atypical light curves, and then the derivation of physical parameters of the RRc stars from the Fourier coefficients. The light curve of V130 reveals scatter which is about 10 times larger than the scatter observed for most variables. However, prewhitening the observations with the base period and its 3 harmonics leaves no power in excess of 0.02 mag amplitude in the frequency range 0 -300c/d. Inspection of the frames reveals 3 nearby companion stars, and we conclude that the scatter caused by crowding. The shift in the light curve of V88 also appears to be instrumental in origin (our light curves were obtained from two overlapping fields and some stars laying at large distance from the overlapping region may have small shift between light curves obtained from different fields). This star has a frequency 3.05c/d, so that the phasing of nearby observations is similar. Removal of the base frequency and its harmonics leaves a very low frequency residual signal. Two stars are outliers in the A V -log P , R 21 -log P , φ 21 -log P and φ 31 -log P relations presented in Fig. 3 . One of these is V76 -the RRc variable with the longest period in our sample at 0.4325 d. Another outlying object is V78 -the star with the shortest period in our sample. Recently Minniti et al. (1997) published a study of the RR Lyr variables in the MACHO Collaboration database. They found three peaks in the period distribution of stars in the Large Magellanic Cloud and in the Galactic bulge. The two most prominent peaks are the RRab and RRc pulsators and the lowest peak, at a period of about 0.27-0.28 d, was interpreted as due to RRe stars (pulsations in the 2nd overtone). A similar result for RR Lyr variables from the Galactic bulge was obtained by Olech (1997) and for variables from the globular cluster IC 4499 by Walker and Nemec (1996) . Theoretical calculations performed by Sandage (1981) support the hypothesis that RR Lyr stars with the shortest periods and smallest amplitudes may be RRe type pulsators. Additionally Stellingwerf et al. (1987) predicted that, if RRe stars exist, they should have light curves that have a sharper peak at maximum light than the 1st overtone pulsators. Variable V78 fits this description very well. It has the shortest period among our sample of RR Lyr stars, its amplitude is low and its light curve (see Fig. 1 ) is more asymmetric than the light curves of other RRc stars.
The light curves of other RRc variables with the shortest periods, from 0.28 d to 0.30 d , i.e. V31, V35, V57 and V62, are remarkably similar both in their general shape and in fine details. It is perhaps interesting that they all display small bumps just before the maxima and that the scatter of observations around the maxima appears to be slightly larger than the scatter at minimum light. Light curves of other stars with periods just above the range 0.28-0.30 d do not show such behavior. Because of this consistency, instrumental origin is not a likely cause of these effects (e.g. saturation of the CCD images at maximum light). If confirmed by further observations of comparable accuracy, these effects could reveal potentially interesting dynamical processes. We have already argued that V78, the star with the shortest period in our sample, is likely to pulsate in the second overtone. Hence, one has to consider a possibility that some sort of interaction between the first and second overtones is responsible for the effects observed in the light curves of V31, V35, V57 and V62. Simon and Teays (1982) , Simon (1989) and Simon and Clement (1993) (hereafter SC) have presented a method of estimating the masses, luminosities, effective tempera-tures and helium abundances of RRc stars based only on the Fourier parameters of V -band light curves. The relevant equations are summarized in Olech et al. (1999a) . The existence of a relation between the masses, luminosities, temperatures and metallicities of pulsating stars and their Fourier parameters is based on hydrodynamic pulsation models. However, the details of the specific calibrations based on models are still subject to revisions. Hence, we list in Table 1 the cluster averages and standard deviations of the Fourier parameters as model-free characteristics of the pulsating stars in this particular cluster. Please note that the standard deviations refer to the spread of derived parameters and not to observational uncertainties (errors of the Fourier parameters are listed in Table 1) . Table 2 presents the estimated masses, luminosities, effective temperatures and helium abundances for all of the RRc stars in our sample. The errors presented in Table  2 are calculated from the error propagation law. Only two stars from Table 2 have errors of φ 31 larger than 0.2 (V79 and V130), and we have omitted them in further analysis.
Physical Parameters
In Fig. 4 we have plotted the calculated values of log(L/L ⊙ ) (hereinafter log L) against the observed values of A 0 (i.e. the mean observed magnitude). The solid lines have a slope of 0.4 and are separated by 0.04 in log L, which represents the one sigma standard deviation in the computed values of luminosity (Simon and Clement 1993 ). Simon and Clement suggested that some of the scatter in this plot for other clusters might be explained by poor photometry resulting from crowding effects in the dense, central regions of the clusters. We have tested this for our sample by plotting in Fig. 4 symbols with size proportional to the distance of a star from the center of the cluster. It can be seen that the most discrepant point is from the center of the cluster (this point is V130 which, as mentioned in the previous section, is badly crowded). The remaining points lay near the solid lines buy not between them which may suggests that the problems with crowding do not explain fully the scatter in the log L − A 0 plot. The similar situation is in M55 where Olech et al (1999a) found that the scatter in the log Lvs.A 0 relation was not due to crowding effects. Table 3 presents the mean parameters for RRc stars from several clusters. This table is taken from . A previous determination of the physical parameters of RRc stars in M5 was made by Clement and Shelton (1997) who used the data of Reid (1996) . Only seven stars from Reid's sample had errors of φ 31 smaller than 0.2. Our sample is twice as large, and therefore the derived mean values of mass, luminosity, temperature and helium abundance are statistically better defined in comparison with the results of Clement and Shelton (1997) . Clement and Shelton (1997) noted the existence of correlations between the mean values of several parameters for RRc stars belonging to different clusters. Specifically, an increasing mean mass corresponds to an increasing value of luminosity and a decreasing value of effective temperature and helium abundance. Our results for M5 are consistent with these correlations. On the other hand Table 3 contains the recent result of Olech et al. (1999a) who found that the RRc variables in M55 have a mean mass too small to fit well into the sequence in Table 3 .
RRab stars
Several RRab stars exhibit quite a large scatter in their phased light curves. In the case of V63, this is is likely due to poor phase coverage and phasing uncertainty. V2, V4, V8, V14, V27, V65 and V89 display modulation of their light curves which reflects intrinsic variability. The variable V91 is placed in the vicinity of a saturated star and thus its photometry is of poor quality.
The morphology of the light curves is seen to change with period. Two RRab stars with the shortest periods, V4 and V29, reveal broad flat minima and fairly symmetric triangular maxima. Stars with periods of intermediate length have a much steeper rise than decline and their minima are often deformed by bumps. Among long period RRab stars V963 with a small amplitude is rather special. Light curves of other long period stars V43, V75, V9, V87 and V77 all reveal a break in steepness of their rise to the maximum. Jurcsik (1996, 1997 , and references quoted therein, hereafter KJ) have extended the Fourier analysis of Simon, Teays and Clement to RRab stars. Although their method is still evolving, to retain comparability with earlier results we have used their original formulae as listed by Olech et al. (1999a) . Table 4 gives the light curve parameters of M5 RRab variables in our sample obtained from Fourier fitting. As for the RRc stars, we also list cluster averages and standard deviations of the Fourier parameters as model-free characteristics of the whole cluster.
We have applied the KJ formulae to the values from Table 4 . The results are listed in Table 5 , which contains values and errors of the absolute magnitude M V , metallicity [Fe/H], effective temperature T ef f . We also list the deviation parameter D m as calculated from new equations given by Kovacs and Kanbur (1998) . This parameter measures the regularity of the light curve, and according to the original paper of KJ, their equations are valid only for RR Lyr stars with D m < 3. A total of 26 stars from our sample satisfy this condition. In the A V -log P plot presented in Fig. 3 the RRab variables with D m < 3 are plotted with solid triangles and these with D m > 3 with open triangles. The solid line in this plot represents a linear fit to RRab variables in M3 .
Recently Clement and Shelton (1999) examined the A V -log P relations for RRab stars in the Oosterhoff type I clusters M3 and M107 and Oosterhoff type II clusters M9 and M68. They suggested that the V amplitude for a given period is not a function of metal abundance but rather a function of the Oosterhoff type. For example, the clusters M3 and M5, which have the same Oosterhoff type, should have identical A V -log P relations. Inspection of the upper panel of Fig. 3 shows that this is not true. A linear fit to RRab variables in M3 presented in this figure as a solid line clearly divides the regular RRab stars into two groups. The mean magnitude of the six variables laying above the M3 fiducial line is 15.00 ± 0.02 and the mean magnitude of the regular RRab stars laying under the solid line is 15.10 ± 0.01. This strongly suggests that these six RRab stars are in a more advanced evolutionary state than the others. Similar behavior was seen by Kaluzny et al. (1998) among the RRab stars in M3. After excluding these six stars from our analysis, one can still see that the remaining RRab stars do not fit the relation derived for RRab variables from M3 but lie below it (toward lower amplitudes and shorter periods). This suggests that the zero point of the linear A V -log P relation depends on the metallicity of the cluster and not the Oosterhoff type as suggested by Clement and Shelton (1999) .
For 26 RRab stars with D m < 3 we obtained the following mean parameters: M V = 0.81, [Fe/H] = −1.23 and T ef f = 6465 K. These values for M5 fit well into the sequence of physical parameters measured for other clusters with Fourier analysis as summarized in Table 6 .
In The range of temperature for the RRc and RRab stars is consistent with that presented by Reid (1996) who calculated temperatures both from pulsation theory (Carney et al. 1992 ) and from (V − I) colors.
The Distance Modulus to M5
In Fig. 6 we plot the apparent distance moduli of the RRab and RRc stars in our sample as measured by the Fourier technique. For the RRab stars M V is taken from Table  5 . For the RRc stars, M V has been calculated from log L (Table 2) , with M V = M BOL -BC, and taking BC = 0.06[Fe/H] + 0.06 (Sandage and Cacciari 1990) . We adopt [Fe/H] = -1.23 (see Table 6 ).
The different zero point calibrations of the RRc stars by SC and the RRab stars by JK is clear from Figure 6 . The zero points of the RRc stars are calibrated directly from the hydrodynamical models, while the RRab stars are calibrated by Baade-Wesselink observations of field RR Lyr stars. The mean apparent distance modulus as measured from the RRc stars (dropping V76 and V78, see discussion in Section 2.1.1) is (m − M ) V = 14.47 ± 0.11. For the RRab stars with D m < 3.0 the mean apparent distance modulus is (m − M ) V = 14.27 ± 0.04. While the discrepancy arising from the zero point calibration of the Fourier technique is substantial, the distance modulus obtained for RRab stars is consistent with the value of (m − M ) V = 14.33 (Harris 1996) . On the other hand recent determinations of distance modulus to M5 give the values between 14.41 and 14.58 (Sandquist et al, 1996 , Reid, 1998 . The distance modulus derived by us from RRc stars agrees within the errors with these recent determinations. It indicates that hydrodynamical models of Simon and Clement (1993) give the correct luminosities of RRc stars.
It is interesting to note that the apparent distance moduli for individual stars in Fig. 6 appears to be correlated with A 0 for both the RRab and RRc star samples. Scale errors in A 0 are not likely to be the explanation since the range in A 0 is small. In addition, while there does seem to be a similar correlation shown in the comparison with Reid's (1996) photometry for the small sample of RRc stars in common between the two studies (see Fig. 2 ), no such correlation is seen for the RRab stars. The slope of these correlations is substantial, and could compromise attempts to use the Fourier analysis of RR Lyr light curves to derive distances to globular clusters. Accurate CCD photometry of samples of cluster RR Lyrae stars is needed to address this issue.
Conclusions
We have presented accurate V -band CCD photometry of 65 RR Lyr variables in the globular cluster M5. Among these stars we have detected 49 fundamental mode pulsators, 15 1st overtone pulsators and one possible 2nd overtone pulsator.
Four of our RRc stars with shortest periods show remarkably similar light curves with a clear bump visible just before the maxima and increased scatter of the observational points around maximum light. We suggest that these features, due to the short pulsation periods of the stars, are caused by interaction between the first and the second overtones of radial pulsations.
Our precise photometry allowed us to obtain accurate Fourier coefficients for 14 RRc stars (twice as many as in previous investigations) and to estimate the physical parameters of these objects. We have measured the mean mass of these stars to be 0.54 M ⊙ , the mean logarithm of luminosity L/L ⊙ equal to 1.69, the mean effective temperature of 7353 K and the mean relative helium abundance equal to 0.28. These values are consistent with the previous determinations of physical parameters of M5 and also Olech et al. (1999a) with recent theoretical models (Reid 1996 , Clement and Shelton 1997 , Sandquist et al. 1996 , Caputo et al. 1999 We also found that six of the regular RRab variables are in a more advanced evolutionary state than the rest of our sample. A detailed inspection of the A V − log P relations for the RRab stars from M3 and M5 suggests that the V amplitude of RRab variables at a given period is a function of the metallicity rather than the Oosterhoff type of the cluster.
We estimate distance moduli of (m − M ) V = 14.47 for the RRc stars in our sample, and (m − M ) V = 14.27 for the RRab stars. A possible correlation between measured luminosity as derived from the Fourier coefficients and apparent brightness was identified for both the RRc and RRab stars in our sample. Fig. 2 A comparison of the photometry presented in this work with the observations by Reid (1996) . RRc variables are plotted with circles and RRab stars with triangles. This article was processed by the author using Springer-Verlag L a T E X A&A style file L-AA version 3. 
